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ABSTRACT

The aim of this paper is to evaluate the magnetic field and motor performance of an
exterior-rotor brushless DC (BLDC) motor based on two approaches, i.e., the magnetic
circuit method and the finite-element analysis (FEA). An equivalent magnetic circuit
model is applied to analytically estimate the magnetic field of a BLDC motor, while the
validity is verified by the two-dimensional FEA. Due to the restriction of the
simplified mathematical model, the FEA is further employed to be an assistant tool for
the detailed design of the pole shoe of this BLDC motor. Four design cases with
different pole shoe dimensions are proposed, and the one that possesses the largest
electromagnetic torque as well as the smallest cogging torque and torque ripple is
further prototyped for electric bicycle applications.
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1 INTRODUCTION

Brushless DC (BLDC) motors have been one of the focuses of research and development of electric
motors due to the rapid development of permanent magnets with high energy product. The BLDC
motor is a kind of brushless permanent-magnet motor with the trapezoidal back electromotive force
(back-EMF) waveform and rectangular excitation current [4]. It has attracted extensive interest due to
the characteristics of high efficiency, light weight, low cost of maintenance, easy speed control, and
low noise and vibration. Thus, BLDC motors are widely employed for the purpose of constant speed
and high-precision position control. For motor designers, the analysis of the magnetic field is a major
concern to predict the motor performance before actually fabricating the prototype. Generally, there
are two major approaches for the magnetic field approximations of electric motors, i.e., the analytical
technique and the numerical method. The analytical technique is ideally based on the assumptions of
material linearity and no saturation occurred in the motor for solving the magnetic field. The
equivalent magnetic circuit method with lumped circuit parameters is one of the analytical techniques
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to predict the open-circuit magnetostatic field by simplifying the motor topology. According to the
closed flux loops, an equivalent magnetic circuit model can be set up, which provides engineers
sufficient insight into the effects of design parameters on the magnetic characteristics, especially in
the preliminary design stage. Qu and Lipo [5] analyzed and modeled the magnetic field of the surface-
mounted permanent-magnet motor with a radial-flux topology. The air-gap leakage flux, which is an
essential quantity for the accurate prediction of the machine torque, is analytically expressed in terms
of magnetic material properties and motor dimensions. Yang et al. [9],[10] presented the magnetic
circuit model of a disk-type axial-flux BLDC motor for electric vehicles, in which electromagnetic
properties, including the flux density of the air gap, co-energy, and output torque, are derived with
sensitivity analyses. In addition to the analytical techniques, numerical methods for magnetic field
computation [2],[3],[7],[8], such as the finite-difference method, the boundary-element method, and
the finite-element method, also provide accurate means of determining the flux density distribution.
These methods are commonly called the finite-element analysis (FEA). The FEA is a powerful and
reliable tool to deal with the design of electric motors before fabricating actual prototypes. The main
features of the FEA are the capabilities of solving magnetic fields with nonlinear magnetic material
properties, coupled physical fields, and complex motor geometries. It is preferred to be an assistant
tool for confirming or improving the results of analytical works.

The purpose of this paper is to evaluate the magnetic field and motor performance of an exterior-
rotor BLDC motor used for electric bicycles. The equivalent magnetic circuit model [5] is employed to
analytically analyze the magnetic field of a BLDC motor. The two-dimensional FEA is then applied to
verify the validity of the analytical results. Due to the inherent restriction of the simplified motor
topology of the equivalent magnetic circuit model, the FEA is further used in the detail design stage
to assist in evaluating proper dimensions of the pole shoe of this motor. Among four design cases,
the one with better motor performance is prototyped for further testing.

2 AN EXTERIOR-ROTOR BLDC MOTOR

The BLDC motor is essentially configured as alternate magnet poles rotating past stationary
conductors that carry the current. Fig. 1 shows a cross-sectional view of the proposed 3-phase, 20-
pole/18-slot exterior-rotor BLDC motor used in the power system of an electric bicycle. Permanent
magnets are affixed to the inner surface of the rotor yoke, which prevents the magnets from flying
apart especially in high-speed applications. Since the cross-section of the exterior-rotor BLDC motor
is identical with the permanent-magnet DC commutator motor, DC armature winding machines can
easily be adopted to wind the stator. The main features of such an exterior-rotor design are simple to
wind and easy to manufacture, which results in low product cost. In addition, the relative large rotor
diameter increases the moment inertia, which in turn helps to maintain constant rotational speed.
This kind of motor configuration is also suitable for data storage hard-disk drives, cooling fans,
blowers, and directly driven wheel motor for electric scooters and vehicles, ... etc.
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Fig. 1: Cross-section of a 3-phase, 20-pole/18-slot BLDC motor with exterior rotor configuration.

3  ANALYSIS OF MAGNETIC FIELD AND MOTOR PERFORMANCE

The equivalent magnetic circuit approach with lumped parameters is an analytical technique to predict
the open-circuit magnetostatic field of electric motors. Fig. 2 shows the linear translational topology
of the BLDC motor depicted in Fig. 1 and the related flux paths. The main flux or air-gap flux @&,
crosses the air gap and links the coils of the phase windings on the stator. The magnet flux @, is the
flux actually passing through the magnet, which is equal to the summation of the air-gap flux and the
leakage flux. As depicted in Fig. 2, the leakage flux generally consists of two parts, i.e., the magnet-
to-rotor leakage flux @,, and the magnet-to-magnet leakage flux @,,,. The leakage flux is an essential
quantity for accurately predicting average flux densities within the air gap and the magnet as well as
the electromagnetic torque of the electric motor. To simplify the analysis, it is assumed that there is
no magnetic saturation occurring in the steel region and the magnetic field intensity produced by the
armature current in the stator windings is negligible. Besides, the stator and rotor back irons are with
infinite permeability. Analogous to the Ohm'’s law in electricity, the equivalent magnetic circuit of this
BLDC motor is shown in Fig. 3(a) [5]. It is composed of one-half of two magnets and the associated
rotor and stator back iron halves for providing flux return paths. In the figure, @/2 is the flux source
of one-half of a magnet, @,/2 is the air gap flux flowing through one-half of the air gap cross-
sectional area, and @,/2 is the flux leaving the one-half magnet, respectively. R. and R, are the
reluctances of the rotor and stator back irons, respectively. 2R, is the reluctance of the one-half of
the air gap. 2R,, is the reluctance of one-half of a magnet. R, and R, are the reluctances modeling
the flux leakage from magnet to magnet as well as magnet to rotor, respectively. Due to the
assumption of infinite permeability for the rotor and stator back irons, the values of R.and R, can be
ignored. Fig. 3(b) shows the simplification of the magnetic circuit, where R,, can be expressed as:

R, =R, /1+2n+42) (3.1)
where

77 = Rmn /Rmr (32)
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and
A=R /R, (3.3)
8
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Stator windings
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Fig. 2: Linear translational topology of the BLDC motor shown in Fig. 1.
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Fig. 3: Equivalent magnetic circuit and the corresponding reduced form [5].
Simultaneously, the air gap flux @, is derived as:
R R
¢g — m¢r — mo ¢r (34)
R,+R, R, +R,(1+2n+44)
The flux leaving the magnet is further obtained as:
R _+R (2n+44
g =L (27 +44) (35)

R, +R (1+2n7+44)""
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In addition, the flux source of the magnet @, is written as:
¢r = AmBr (36)
where A, and B. represent the flux passing area and the residual flux density of the magnet,

respectively. Based on Egns. (3.4)-(3.6), the average flux densities within the air gap and the magnet
are:

A, /4
By e = £ B, (3.7)
€ 1+(Rg/Rm0)(l+277+4/1)
and
_ 1+(R,/R,)(27+42) a8
" 1+(Rg /R, )1+2n+44) :

where A,,/A, is the ratio of the magnetic flux passing area of the magnet to that of the air gap. Besides,
the following expressions are also obtained based on geometric and magnetic relationships.

4,=1,L (3.9)
A, =(z, +7 )L (3.10)
R, =1, /(t,1.4,) (3.11)
R, =g /u,z,+2g,)L] (3.12)
g. =k.g (3.13)

where L is the stack length of the stator, z, is the magnet width, 7 is the length of two adjacent
magnets, 1, is the magnet height, x4 is the permeability of free space, x. is the relative permeability of
the magnet, g and g, are the air gap length and effective air gap length, respectively, and k. is the
Carter’s coefficient [1]. In particular, the fringing effect is taken into consideration by adding the
length 2g, to 3, for the calculation of R, shown in Eqn. (3.12). The magnet-to-rotor and magnet-to-
magnet reluctances, i.e., R, and R,,, shown in Egn. (3.2) and Eqn. (3.3) can be further obtained by
calculating their permeances using corresponding circular-arc, straight-line permanence models [5].
They can be derived as:

1

R o / (3.14)
" min 2
l)mr /’lr)L ln[1+ T (gé Tf )]
Va [,
R -+t (3.15)
l)mm M ln(l + @)
T

Ty

where min(ge,rf /2) is the minimum function. Based on Egns. (3.9), (3.11), (3.14), and (3.15), Eqgns.

(3.2) and (3.3) are further rewritten as:
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zmin(g, ,7,/2
n= L, In(1+ M (3.16)
/’lrﬂ-z-m m
Jo—tn s ey (3.17)
,U,, ”Tm Tf

Eventually, the magnetic flux densities within the air gap and the magnet are obtained, by substituting
Egns. (3.9)-(3.13), (3.16), and (3.17) into Egns. (3.7) and (3.8) with some algebraic manipulation, as
follows [5]:

B - B, (3.18)
goave 7, g, T,t7,
I+ ——+pu =——1+2n+42)
Tm lm Tm + 2g€

and

2
(1+i)ili+277+42

B = Tw H. 8. (319)
" 2 [
(l+i)i'—"+l+277+4/1
Tm r e

The accurate computation of the air gap flux density, in fact, is essential for the accurate prediction
of the motor performance. Once the average flux density within the air gap is given, the average back-
EMF constant, K., and average electromagnetic torque, T,., of a BLDC motor can be expressed as
follows [1, 6]:

k,=k,N,_B, R,L (3.20)

tol™= g,ave” “ri

Toe = mkik N By o R, LE, (3.21)

tol"~ g,ave

where k, is the winding factor, N, is the total conductors per phase, R,, is the outside rotor radius, m
is the phases of conduction, k; is the correction factor due to losses, and i, is the phase current,
respectively. The winding factor can be further expressed as:

\/(ZN:sin 0.) +(ﬁ:cos 0.
k — i=1 i=1

" N,

tol

(3.22)

where 4 is the related electrical angle of the ith conductor of this phase.

In order to meet desired requirements of electric bikes, the output torque of the motor should not
less than 13Nm. Based on the above derived formulations, Tab. 1 shows a set of feasible solutions for
the values of magnet properties and main dimensions of the proposed BLDC motor, while the related
geometric parameters are depicted in Fig. 4(a). The analytical results of magnetic field and motor
performance, including g., 7, 4, By ave, Bus ku, ke, and T,,,., are respectively listed in Tab. 2. In order to make
a guantitative comparison with the analytical results, the FEA is applied to assist in numerically
calculating the magnetic field and the electromagnetic torque. The ANSOFT/Maxwell 2D field
simulator is employed to the field analysis of this motor. Fig. 4(b) demonstrates the finite element
meshing of this motor, where the total numbers of triangle mesh elements is 64,814. The winding
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layout for this 3-phase, 20-pole/ 18-slot BLDC motor is listed in Fig. 5(a), while the winding
configuration is schematically shown in Fig. 5(b). Each phase has six concentrated coils connected in
series. Since the number of windings per phase is six and each winding has two groups of conductors,
the total conductors per phase becomes N,,;, =12N,. The excitation current is operated with square
wave as shown in Fig. 6, where two phases conduct simultaneously at each time, i.e., m=2. Fig. 7
presents the waveforms of the three-phase back-EMF constant without multiplying the number of
coils. It is apparent that the back-EMF constant is similar to a trapezoidal wave shape. The flux
density distributions in the air gap and the electromagnetic torque of this BLDC motor are illustrated
in Figs. 8 and 9, respectively.

Magnet properties

Items Symbol Values
Remanence (T) B, 0.76
Coercivity (A/m) H, -480000
Relative permeability Hr 1.26
Direction of magnetization - radial
Magnet thickness (mm) L, 3
Magnet arc (degree) O 17
Motor parameters
Items Symbol Values
Number of phases Noi 3
Number of magnet poles N, 20
Number of magnet slots N; 18
Air gap length (mm) g 0.5
Slot opening width of stator (mm) W 2.8
Outer radius of rotor (mm) R, 93.5
Inner radius of rotor (mm) R, 80.5
Outer radius of stator (mm) R, 80
Inner radius of stator (mm) R, 27
Tooth width of stator (mm) Wi 11
Shoe depth (mm) d, 5
Shoe ramp (degree) d, 15
Number of coils per armature tooth (turn) N, 36
Stack length (mm) L 24
Rated phase current (A) I 14.8

Tab. 1: Corresponding values of magnet properties and main dimensions of the BLDC motor.
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Fig. 4: Geometric parameters and finite element meshing of the exterior-rotor BLDC motor.

Slot Phase A Phase B Phase C
1 In&lIn
2 Out & Out
3 In Out
4 In&lIn
5 Out & Out
6 Out In
7 In&lIn
8 Out & Out
9 Out In
10 In&lIn
11 Out & Out
12 In Out
13 In&lIn
14 Out & Out
15 Out In
16 In&lIn
17 Out & Out
18 Out In
(@) (b)

Fig. 5: Winding layout and winding configuration of the BLDC motor.

Items Symbol Values
Magnet width (mm) Tn 24.3299
Length of two adjacent magnets (mm) T 1.4312
Effective air gap length (mm) ge 0.5328
Reluctance ratio of a magnet pole to the magnet-to-rotor leakage flux 7 0.0138
Reluctance ratio of a magnet pole to the magnet-to-magnet leakage flux y 0.0241
Average magnetic flux densities within the air gap (T) Byave 0.5784
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Average magnetic flux densities within the magnet (T) B, 0.6287
Total conductors per phase Noi 432
Winding factor k. 0.945
Average back-EMF constant (V/rad/s) k. 0.4562
Average electromagnetic torque (Nm) Tuve 13.5034
Tab. 2: Analysis of magnetic field and motor performance of the BLDC motor shown in Fig. 1.
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Fig. 6: Three-phase excitation current waveforms. Fig. 7: Three-phase back-EMF constant
waveforms.
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Fig. 8: Air gap flux density waveform. Fig. 9: Electromagnetic torque.

By comparing the FEA results with the analytical computations, Tab. 3 gives the errors between
these two methods. It shows that the results are in good agreement with a maximum error of about
3%. Therefore, the equivalent magnetic circuit method is an acceptable technique in predicting the
magnetic field and performance of BLDC motors. It also provides enough insight and clear
relationships to the field distribution, magnetic material properties, and machine dimensions.
Although the equivalent magnetic circuit method is a suitable and fast tool for the preliminary design
of BLDC motors, it does not provide sufficient information to deal with the effects of pole shoes on
the magnetic field and motor performance due to the simplified motor topology shown in Fig. 2. Due
to this reason, the FEA is preferred to confirm or improve the results of analytical design works
particularly in the detail design stage.
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Items Symbol Analytical results FEA results  Error (%)
Ayerage magnetic flux densities within the Byone 05784 05957 _2.9910
air gap (T)
Average magnetic flux densities within the B, 0.6287 0.6263 03817
magnet (T)
Average back-EMF constant (V/rad/s) k. 0.4562 0.4628 -1.4467
Average electromagnetic torque (Nm) Tove 13.5034 13.5917 -0.6539

*Error= (Analytical result- FEA result)/ Analytical result*100%
Tab. 3: Comparison of analytical results and FEA results.

4  COMPUTER-AIDED DESIGN OF THE POLE SHOE

In this section, four design cases with different values of the shoe depth and the shoe ramp, i.e,
parameters d; and d, shown in Fig. 4(a) are proposed in Tab. 4 and Fig. 10. The FEA is employed to be
an assistant tool for the computer-aided design of the pole shoe of this BLDC motor. Fig.11 presents
the distributions of cogging torques for these four cases. The cogging torque of the permanent-
magnet motor arises from the interaction of permanent magnets and the stator slotted structure
without the applied driving current. Since it is an oscillatory torque that always induces vibration,
acoustic noise, and possible resonance especially at high load and low speed, the reduction of the
cogging torque is really an important task for motor designers. From the simulation results, Case |
possesses smaller cogging torque than others. Fig. 12 and Tab. 4 respectively show the
electromagnetic torque and torque ripple of each design case. As can be seen, Case | has the largest
electromagnetic torque and the smallest torque ripple among them. Hence, Case | is preferable to be
prototyped. Fig. 13 shows the explored view of the design case | by commercial computer-aided
design package SolidWorks, while Fig.14 presents the prototype of this motor for electric bicycle
applications.

Case Parameters of the pole shoe  Average electromagnetic torque (Nm)  Torque ripple (%)

| d, =3mm,d, =30° 13.87 20.67
I d, =5mm,d, =0° 13.63 21.55
m d, =5mm,d, =15° 13.59 22.27
v d, =6mm,d, =0° 13.45 22.81

Tab. 4: Average electromagnetic torque and torque ripple of proposed four design cases.

DAt Ll L

Case | Case Il Case Il Case IV

Fig. 10: Four design cases with different values of the shoe depth and the shoe ramp.
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Fig. 11: Cogging torque distributions of the proposed four design cases.
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Fig. 12: Electromagnetic torques of the proposed four design cases.
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Fig. 14: The prototype of Case | for the proposed BLDC motor.
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5 CONCLUSION

In this paper, the magnetic field and motor performance of an exterior-rotor BLDC motor used for
electric bicycles has been analyzed by both utilizing the equivalent magnetic circuit method and the
finite-element method. Although the equivalent magnetic circuit method is a suitable and fast tool
for the preliminary design and analysis of BLDC motors, it does not provide sufficient information to
deal with the effects of pole shoes on the magnetic field and motor performance due to the simplified
motor topology. The FEA is further employed to overcome this drawback particularly in the detail
design stage. Among four design cases, Case | possesses a higher electromagnetic torque and lower
cogging torque and torque ripple. The solid model and corresponding engineering drawings of Case |
are constructed by commercial computer-aided design software. Besides, it is also prototyped for
further performance testing. The results of this study are helpful in the development of BLDC motors
with interior-rotor or exterior-rotor configurations.
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